These results show that changes in antioxidant defence may occur during prion disease. However, in particular, changes in the metabolism of the metals copper and manganese may lie at the heart of these diseases.
Abstract
Haemolytic events, such as those following rhabdomyolysis and subarachnoid haemorrhage, often result in pathological complications such as vasoconstriction. Haem-protein cross-linked myoglobin and haemoglobin are generated by ferric-ferry1 redox cycling, and thus can be used as markers of oxidative stress. We have found haem-protein cross-linked myoglobin in the urine of patients suffering from rhabdomyolysis and haem-protein cross-linked haemoglobin in the cerebrospinal fluid of patients following subarachnoid haemorrhage. These findings provide strong evidence that these respiratory haem proteins can be involved in powerful oxidation processes in vivo. We have previously proposed that these oxidation processes in rhabdomyolysis include the formation of potent vasoconstrictor molecules, generated by the myoglobin-catalysed oxidation of membranes, inducing nephrotoxicity and renal failure. ~~~~ cross-linked haemoglobin in cerebrospinal fluid suggests that a similar mechanism of lipid oxidation is present and that this may provide a mechanistic basis for Organisms are protected against this rogue enzymic activity by confining Mb and H b to cells having extensive anti-oxidant defence systems. However, certain disease states compromise the integrity of these cells, allowing H b and M b to manifest this rogue enzymic activity that may lead to toxicological effects such as vasoconstriction [4, 5] . Formation of a covalent bond between the haem group and the protein is indicative of ferricferry1 redox cycling and can be used as a marker of oxidative stress in vivo [ 6 ] . We have examined these haem proteins in two disease states, kidney dysfunction following rhabdomyolysis and coma following subarachnoid brain haemorrhage. Our work suggests that M b and H b are involved in powerful oxidative reactions in these two conditions and implies that these haem proteins can be involved in toxicological reactions whenever they are isolated from their cellular compartment and antioxidant environment.
Haem-protein cross-linking in urine following rhabdomyolysis
Muscle damage (e.g. trauma) can result in rhabdomyolysis, the release of muscle cellular components into the surrounding tissue and blood stream. Released from muscle, M b is rapidly excreted in the urine; however, some M b is deposited in the kidney tubules, and this has been linked to renal dysfunction and acute renal failure [4] . We have found previously that the haemprotein cross-linked form of M b (Mb-H) is present in the urine of human patients suffering rhabdomyolysis [5] . This proves that M b has undergone ferric-ferry1 redox cycling in vivo and implicates M b in the mechanism of renal failure. A class of vasoactive molecules, the F,-isoprostanes, are derived from oxidization of arachidonic acid side-chains of phospholipids and have been identified in the urine of rhabdomyolytic patients [7] . Based on our discovery of Mb-H in vivo we believe that Mb is the catalyst for F,-isoprostane formation, through the oxidation of membrane lipids.
Haem-protein cross-linking in cerebrospinal fluid (CSF) following su barac h no id hae mor r hage (SAH)
We have also examined H b found in the CSF of patients suffering from aneurysmal SAH for signs of oxidative modifications. Although it is known that the quantity of blood released into the C S F correlates with the development of delayed neurological deficit due to vasospasm-induced cerebral ischaemia, the molecular mechanisms underlying this process are poorly understood, and treatment options limited [8] . analogy with rhabdomyolysis, that vasoconstriction resulting from SAH may be caused by neuroprostanes orland isoprostanes that are generated by lipid oxidation catalysed by Hb. In this way the detection of H b -H is a marker of these oxidative reactions in the same way that Mb-H is a marker of oxidative reactions in the kidney that lead to the formation of isoprostanes.
Molecular mechanism of toxicity
Acidic p H enhances the pseudo-peroxidase and pro-oxidant activities of M b and Hb, as well as generation of haem-protein cross-links [4, 10] .
T h e p H profiles for these reactions are remarkably similar, suggesting that they are linked by a common underlying mechanism. We have shown that protonation of the 0x0-ferry1 haem to form Fe4+-OH-destabilizes the ferryl species, making it highly reactive [lo] . This enhances the rate of auto-reduction and of hydrogen atom abstraction from lipids or lipid hydroperoxides. Therefore, the generation of vasoactive molecules by M b or H b creates a vicious cycle of vasoconstriction, acidosis and enhanced ferryl activation (Scheme 1). Indeed, a treatment to ameliorate the effects of rhabdomyolysis is alkalinization of the blood/ urine by infusion with bicarbonate [4, 11] . We propose that alkalinization would detoxify M b and Hb, limiting the cycle of acidosis and enhance prooxidant haem protein activity. T h e pro-oxidant activity of Mb-H is enhanced 5-fold relative to native M b [12, 13] . As alkalinization decreases the generation of haem-protein cross-linking in vitro [14], we predict that this would further ameliorate oxidative damage in vivo.
Conversion of native respiratory haem proteins into haem-protein cross-linked species constitutes compelling evidence that these haem proteins are involved in oxidative reactions and provides a mechanistic basis to explain complications, namely vasospasm, arising from certain disease states. These findings provide a rationale for further investigation into the relationship between the extent of haem-protein cross-linking and the severity of the complications exhibited.
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